The surface deformation features in ultrafine-grained copper produced by equal channel angular (ECA) pressing, which was cyclically deformed at temperatures between room temperature and 573 K under a constant stress amplitude of 200 MPa, were investigated. It was found that the surface deformation features and damage behaviour are strongly dependent upon the testing temperature. For examples, large-scale shear bands (SBs) formed at room temperature, whereas finer and discontinuous SBs, instead of large-scale SBs, were found to become the dominant feature with increasing temperature (below recrystallization), resulting from the reduction in quantity and volume fraction of grain boundaries as a consequence of grain growth and the enhanced dislocation slip. When the temperature is above recrystallization, no clear SBs were observed and dislocation slip deformation within grains governed the plastic deformation of UFG copper, causing nucleation of cracks along slip bands in grains or along grain boundaries, in contrast to the nucleation along SBs at temperatures below recrystallization.
Introduction
Ultrafine-grained (UFG) materials produced by equal channel angular (ECA) pressing have been extensively investigated in recent years due to their specific physical and mechanical properties. [1] [2] [3] [4] However, there is as yet no unequivocal knowledge of fatigue deformation mechanism of UFG-materials, which is of primary importance for practical engineering applications, even though some experimental efforts have been made. [5] [6] [7] [8] [9] [10] [11] [12] The produced UFG materials are at most in metastable state, the microstructures of which are easy to change by dynamic recovery and recrystallization under applied loading even at room temperature, so nearly all of existing fatigue experimental work were carried out just at room temperature. Nevertheless, the understanding of temperature-dependent fatigue deformation and damage features of UFG materials is believed to be an indispensable prerequisite for further developments and applications of such structured materials. It has been commonly recognized that room-temperature fatigue damage in UFG materials is basically attributed to the formation of shear bands, which can extend over far larger scales than the initial grain size. 5, 6, 8, 9, 12, 13) However, the cyclic deformation features and damage behaviour of such UFG materials at temperatures above room temperature has never been reported so far. Quite recently, we have tentatively studied the fatigue behaviour and microstructures of ECA-pressed copper at temperatures between room temperature and 573 K under a constant stress amplitude of 200 MPa. 14, 15) The objective of this paper is to explore in detail the evolution of surface deformation features of UFG copper with temperature, and thus to reveal the shear banding phenomenon and consequently understand the fatigue deformation and damage mechanism of UFG copper at elevated temperatures.
Experimental Procedures
The rod of UFG copper (99.98%) of 20 mm in diameter was obtained by the ECA pressing process. Ten passages of extrusion were performed to introduce an equivalent shear strain of about 11.5. All pressings were carried out by rotating each sample about the longitudinal axis by 90 in the same direction between consecutive passes (i.e. so-called route Bc), using a die angle ¼ 90
. Fatigue specimens with a gauge section of 2 Â 2 Â 4 mm 3 were carefully sparkmachined from the as-prepared rod. Stress-controlled (R ¼ À1) fatigue tests were performed in vacuum at temperatures ranging from 298 to 573 K at a frequency of 5 Hz and a stress amplitude of 200 MPa, using a servo-hydraulic testing machine (Shimadzu SEM Servopulser). Surface deformation features were examined carefully by using an optical microscope equipped with Nomarski interference contrast and a scanning electron microscope (SEM), respectively.
Results and Discussion
Transmission electron microscope (TEM) observations have revealed that the as-produced microstructure is mainly composed of relatively equiaxed grains with large-and small-angle boundaries and an average size of about 250 nm; however, typical fine lamellar structures were also found in some local areas. 15 ) Figure 1 shows the essential surface deformation features of UFG copper at different temperatures. Apparently, the most prominent feature at room temperature is the occurrence of large-scale shear bands (SBs) on the surface, as seen in Fig. 1(a) , which were also often reported in other previous * Corresponding author, E-mail: xwli@mat.eng.osaka-u.ac.jp or xwli6988@hotmail.com work. 5, 8, 9, 12, 13, 16) Two sets of SBs, which are roughly perpendicular to each other, were clearly observed to appear on the maximum resolved shear stress plane making approximately 45 with the loading axis. Observations also revealed that some SBs extended across the entire surface of sample, although the initial grain size is just some hundred nano-meters. From the surface feature of such large-scale SBs it is readily reminiscent of the deformation bands (DBs) formed in cyclically deformed copper single crystals with various orientations, 17, 18) which seriously disrupt an initially smooth surface and influence the nucleation and propagation of fatigue cracks.
As the temperature increases to 373 K, it seems that the traces of SBs became finer and somewhat discontinuous, as indicated in Fig. 1(b) . Such a discontinuity of shear band traces was embodied more prominently at higher temperatures of 423 K [ Fig. 1(c) ] and 473 K [ Fig. 1(d) ]. At the highest temperature of 573 K above recrystallization, no obvious SBs were detected on the surface [ Fig. 1(e) ]; however, many coarsened grains can be seen and slip deformation in many recrystallized grains has taken place in varying degrees, as demonstrated by the arrows in Fig. 1(f) .
Analogous to the role of DBs playing in the process of cyclic deformation of copper single crystals, the formation of SBs in fatigued UFG materials is a decisive factor influencing crack nucleation and premature failure, which has been commonly accepted. SEM examinations of surface damage features of fatigued samples revealed that crack initiation did occur along SBs in all samples [ Figs. 2(a)-(c) ] except in the test at the highest temperature of 573 K [ Fig. 2(d) ]. In the case of the test at 573 K, due to non-existence of large-scale SBs [see Fig. 1(e) ], cracks will not initiate along SBs; however, arising from slip deformation in the coarsened grains and a greatly enhanced grain boundary mobility, cracks initiated along slip bands in grains or along grain boundaries [see Fig. 2(d) ]. In addition, it seems from that the increase in testing temperature aggravated significantly the presence of cracks and extrusions on the surface, showing a more serious local plastic deformation concentration and an enhanced materials softening. This is consistent with our previous findings, which have reported a gradual change in fracture surface topography from brittle to ductile with increasing temperature, 14) identically indicating that the temperature is a critical factor governing the plastic deformation and softening behaviour of UFG copper.
In light of experimental results described above, the temperature-dependent surface deformation characteristics were schematically summarized in Fig. 3 . Obviously, the major deformation feature at room temperature is the appearance of large-scale SBs, as shown in Fig. 3(a) . With the aid of atomic force microscopy (AFM), Vinogradov and Hashimoto 9) have given a clear evidence for the occurrence of grain boundary sliding and they considered the formation of such SBs as being the result of a sum of mesoscopic and microscopic shear events along grain boundaries. This is completely different from the formation of DBs in fatigued copper single crystals, which is just based on ''dislocation slip'' deformation. With the increase in testing temperature, grain boundary mobility is progressively enhanced, since the dynamic diffusion and recovery processes within the nonequilibrium heavily distorted boundaries become more intensive under the help of driving force, i.e., temperature. Under these circumstances and the joint action of applied cyclic load, the grain boundary migration can easily take Surface Deformation Features in Ultrafine-Grained Copper Cyclically Stressed at Different Temperaturesplace, [19] [20] [21] leading to obvious and earlier recrystallization and grain growth during cycling. In this sense, the quantity and volume fraction of grain boundaries in samples reduced greatly, markedly reducing the possibility of the occurrence of large-scale SBs. Accordingly, only finer and discontinuous SBs were observed at high temperatures (below recrystallization), as schematically seen in Fig. 3(b) . In addition, it should be mentioned that the room-temperature cyclic plastic deformation of UFG copper is mainly accommodated by the formation of shear bands, since the dislocation mobility is notably suppressed by heavy hardening during ECA pressing process. However, the increase in temperature would strongly promote dislocation slips to take place in the grain interior, and such dislocation slips would surely carry a part of plastic strains during high-temperature cycling, which might also be a reason why the formation of SBs seems to be slighter at high temperatures than at room temperature. As the adopted temperature is above recrystallization, nearly all grains grew up and tangible dislocation slip deformation happened within many grains, as shown in Fig. 3(c) . Such being the case, analogous to the plastic deformation behavior of conventional polycrystalline materials, the plastic strains in deformed UFG copper is mainly accommodated by dislocation slips and nearly no obvious SBs were observed.
Our previous work showed that cyclic softening occurred at each temperature and it took place more significantly with increasing temperature, and that the fatigue life decreased markedly with increasing temperature.
14) The microstructures changed from dislocation walls to well-defined cells with increasing temperature. 15) Clearly, the presently-described temperature-dependent deformation features are in accord with the previously-reported fatigue deformation behavior and microstructural changes. During cyclic deformation of UFG Cu at different temperatures, allied with the influence of applied cyclic load, the increase in temperature facilitated gain coarsening and progressive occurrence of dislocation slips instead of SBs, thus leading to an enhanced plastic deformation and materials softening. The aggravation of plastic deformation concentration is then believed to promote the formation of cell structures in a great number as well as the decay of fatigue life.
Summary
The surface deformation and damage behaviour exhibited distinctive features in fatigued UFG copper at different temperatures. At room temperature, the formation of largescale shear bands is the dominant feature. With increasing temperature (below recrystallization), due to the reduction in quantity and volume fraction of grain boundaries as a consequence of grain growth and the enhanced dislocation slip, finer and discontinuous SBs, instead of large-scale SBs, were found to be the significant feature in this case. In both cases, the crack initiation occurred along SBs. When the temperature is above recrystallization, no clear SBs were observed and the plastic deformation of UFG copper was governed by dislocation slips within grains, which caused nucleation of cracks along slip bands in grains or along grain boundaries.
